Recognition of heterospecific alarm vocalizations is an essential component of antipredator behavior in several prey species. The authors examined the role of learning in the discrimination of heterospecific vocalizations by wild bonnet macaques (Macaca radiata) in southern India. The bonnet macaques' flight and scanning responses to playbacks of their own alarm vocalizations were compared with their responses to playbacks of vocalizations of Nilgiri langurs (Trachypithecus johnii), Hanuman langurs (Semnopithecus entellus), and sambar deer (Cervus unicolor). The study was conducted in 3 regions that differed in the frequency with which bonnet macaques encountered these species and included an urban setting. Call recognition was highest in adults and in regions where individuals were frequently exposed to the calling species; calls were not recognized by urban monkeys. Thus, age and experience are important factors in heterospecific call recognition by bonnet macaques.
Predation is a major source of natural selection that shapes the coevolution of morphological and behavioral characteristics in predators and prey (Lima & Dill, 1990) . Metaphorically referred to as an evolutionary arms race (Dawkins & Krebs, 1979) , the coevolution of predator and prey has led to the wide range of antipredator behaviors observed in prey species. For primates, important components of antipredator behavior are vigilance, mobbing, searches for appropriate refuge, inter-and intragroup spacing, manipulation of group size and composition, and the use of alarm vocalizations (Isbell, 1994; Terborgh, 1983; van Schaik & van Hooff, 1983) .
A number of species have been reported to emit alarm vocalizations in response to the detection of a predator. Alarm calls are vocalizations elicited by predators, and alarm-call responses are behaviors displayed by individuals that have heard the calls and can discriminate these calls from other auditory stimuli (Mateo & Holmes, 1997) . Our research in this article focuses on the recognition of heterospecific alarm vocalizations by wild bonnet macaques (Macaca radiata) in southern India. We often have observed bonnet macaques of both sexes and of all ages, with the exception of young infants, alarm calling to a variety of terrestrial predators as well as responding to the alarm calls of sympatric prey. The bonnet macaques' typical response to these vocalizations was to run toward trees or other structures, which they quickly climbed. Bonnet macaques that were already off the ground when (hey heard alarm vocalizations scanned the area and aggregated closer to other troop members.
In forest habitats, bonnet macaques are found sympatrically with Nilgiri langurs (Trachypithecus johnii) and Hanuman langurs (Semnopithecus entellus). Bonnet macaques often join langur troops in the morning and sometimes stay with them for hours. Although this relationship has not been studied systematically, there are numerous anecdotes describing how bonnet macaques flee after hearing alarm vocalizations from these langur species (Ali, 1981; Hohmann, 1989b) . Such responses are common in other sympatricliving primates: Various cercopithecids have been reported to react to the alarm vocalizations of other species in the vicinity (Hauser, 1988; Mate, Colell, & Escobar, 1995) . Similar use of heterospecific alarm vocalizations by birds has been well documented in mixed-species foraging flocks (Buskirk, 1976; Moynihan, 1962; Munn, 1986) . Other sympatric species at our study sites, such as chital deer (Axis axis), sambar deer (Cervus unicolor), and Malabar giant squirrels (Ratufa indica), are also preyed on by some of the same guild of predators. Our observations indicate that these species also appear to recognize and use each other's alarm vocalizations.
The recognition of multiple cues that reflect the presence of predators, such as the alarm vocalizations of sympatric prey, enhances the chances for the perceivers' survival. It would be advantageous for animals to recognize these cues early in life. Under fluctuating environmental conditions, the ability to adjust behavior to changing circumstances requires the learning of new information and the ability to act on previously acquired information. Learning of heterospecific Troop size   34  31  39  28  35  31  29  54  48 alarm vocalizations characterizes the extension of this type of behavioral plasticity. This ability allows for the learning of new cues and the ignoring of neutral ones and those that have lost their significance. Many species exhibit the ability to adjust their antipredator behavior on the basis of analogous assessment of environmental changes (for a review, see Lima & Dill, 1990) .
This study was aimed at understanding the experiential processes that led to the recognition of heterospecific vocalizations by bonnet macaques. We used a comparative approach, contrasting the responses of bonnet macaques to playbacks of their own alarm vocalizations with those exhibited in response to the playback vocalizations of three other species. We conducted these comparisons in three regions that differed in the frequency with which bonnet macaques encountered these three species whose vocalizations were used in this study. If bonnet macaques learned to discriminate these vocalizations, we predicted that call recognition would be higher in regions where bonnet macaques were more frequently exposed to the calling species. We also predicted that older individuals with more exposure to heterospecific calls would be more likely to respond appropriately to these calls.
Method

Study Sites
We conducted the playback experiments between April 1997 and October 1997 at three study sites in southern India. Troop sizes and locations within the three regions are shown in Table 1 . The Mudumalai Wildlife Sanctuary is located between 11°32' to 11*43' north latitude and 76°22' to 76°45' east longitude and covers an area of 321 km 2 . We selected four troops from this site for the study. These four troops were often seen in association with Hanuman langurs. The distribution of the Nilgiri langurs, although found in nearby areas, was not found within the home ranges of the bonnet macaque (Macaca radiaia) study troops. The second study site, the Kalakad-Mundanthurai Tiger Reserve, is located between 8°25' to 8*53' north latitude and 77"10' to 77°35' east longitude and covers an area of 817 km 2 . We selected three troops for the study, all situated on the Mundanthurai Plateau. These troops were often seen in association with Nilgiri langurs; the closest Hanuman langur troop was approximately 7 km away. Sambar deer were found at both study sites. The predators at these two study sites were leopards (Panthera pardus), tigers (Panthera tigris), wild dogs (Cuon alpinus), domestic dogs (Canis familiaris), hyenas (Hyaena hyaena), and pythons (Python molurus). Two troops from a predator-rare urban setting, Bangalore City, were included for comparison with the troops from the forest sites. These freeranging troops lived at an agricultural college campus on the periphery of the city. The urban habitat consisted of forest plantations interspersed with agricultural fields and buildings. Nilgiri langurs, Hanuman langurs, and sambar deer were not present at this site. Alarm vocalizations were frequent because of the presence of stray domestic dogs.
All individuals were identified by their morphology and were classified into one of six sex. and age categories on the basis of size: infants (unweaned animals that were younger than 1 year old), juveniles (weaned animals that were 1-2 years old), subadult females (2-4 years old; smaller than adult females and larger than juveniles), subadult males (same size as adult females, smaller than adult males), adult females (older than 4 years of age with at least one offspring), or adult males (older than 5 years of age; larger than adult females). All troops lived near human settlements where they routinely encountered humans. This nonthreatening exposure to humans by all study troops engendered habituauon, allowing close-range observation.
Playback Sounds
Choice of sympatric species for this study of vocalization recognition was based primarily on their spatial distributions in the two parks. We confirmed that three sympatric species-sambar deer, Nilgiri langurs, and Hanuman langurs-suffered predatory threats from leopards by analyzing prey hair in leopard scat collected from the two parks (Ramakrishnan, Coss, & Pelkey, 1999) . Among the species consumed by leopards, sambar deer were prominent, and Nilgiri and Hanuman langurs were taken much more frequently than bonnet macaques (Figure 1 ). The scat analysis complemented observations of leopards and concomitant alarm vocalizations from these prey species and provided a context for using a leopard model to generate alarm vocalizations.
In this study, we used multiple exemplars of seven distinct types of playback sounds: (a) bonnet macaque alarm vocalizations, (b) Nilgiri Hohmann, 1989a) , (f) Hanuman langur territorial vocalizations, and (g) motorcycle engine sounds. Apart from providing a more controlled field setting for studying die effects of alarm vocalizations, playback presentations ensured that responses were exclusively engendered by hearing alarm vocalizations and were not the result of independent detection of a predator (Shriner, 1995) . Four exemplars of a motorcycle engine were included as ecologically neutral sounds. Motorcycles were frequently heard at all three sites. We included frequently heard territorial calls of the two langur species in our playback experiment because they were not associated with a predatory context Territorial calls were given by both langur species throughout the day but most frequently in me morning. To record these calls, we followed langur troops for 2 nr every morning for a week, using a Sennheiser ME 80 directional microphone and a Sony TC-D5 PROD stereo cassette recorder. When these calls were recorded, the age and the sex of the calling animal were also noted Fourteen Hanuman langur territorial-calling bouts and 12 Nilgiri langur teiritorial-callirig bouts were recorded.
A realistic-looking pop-up model of a stalking leopard (Ramakrishnan & Coss, in press) was used to elicit alarm vocalizations from the four species. The leopard model, erected manually by a cord from a 50-m distance, was presented when perceivers were at a distance of approximately 25 m from the model. The leopard model appeared in view for 10 s. A total of 78 bonnet macaque alarm-calling episodes, 58 Nilgiri langur alarm-calling episodes, 104 Hanuman langur alarm-calling episodes, and 9 sambar deer alarm-calling episodes were recorded from different troops and regions. An alarm-calling episode is repetitive calling by a single individual, with episodes sometimes exceeding a 15-min duration. Territorial calling is similarly repetitive. All vocalizations used in the playback experiments were given by adult males of the four species. In keeping with recommendations for using multiple exemplars (Rroodsma, 1989), we selected for each playback treatment 6 calling episodes from different individuals. Each of these playback exemplars was presented for a 30-s duration. This call duration is not atypical after a predator has been sighted.
Sonograms of the sound treatments were made with Canary 1.1 software (Charif, Mitchell, & Clark, 1993 ; Figure 2 ). The duration of one unit of each type of call appears in Table 2 , in which a call unit is characterized as a continuous tracing along the temporal axis of the sonogram (Struhsaker, 1967) . The acoustic features of the three primate vocalizations appeared similar to those analyzed in detail elsewhere (see Hohmann, 1989a Hohmann, , 1989b .
Experimental Layout
To create a consistent motivational context for presenting the experimental treatments (e.g., Hanson & Coss, 1997) , feeding stations were set up, and food (split peas) was scattered in a 1-m radius, which caused the bonnet macaques to aggregate for Experiments were conducted between 6 a.m. and 10 a.m. and between 3 p.m. and 5 p.m., corresponding to the peak foraging periods of this species. Each study site was examined in serial order at 45-day intervals. Videorecording was initiated after the bonnet macaques arrived at the feeding station. After 2 min of videorecording, the bonnet macaques were presented with one playback treatment for 30 s. For each troop, playback treatments were presented in random order, with a minimum interval of 2 weeks between presentations. Because the identity of the caller has been shown to influence responses in some species (Cheney & Seyfarth, 1988; Hare, 1998) , the calls used in the playback experiments were from unfamiliar individuals from different troops. Troops within a region were presented with different sound exemplars of each sound treatment. Videorecording continued for 5 min after the sound playback ended.
Behavioral Analyses
Videotapes recorded in the field were copied using a Panasonic FA-400 time-base corrector coupled to a FOR.A VTG-22 video field labeler. Such numerical labeling permitted field-by-field analyses to quantify the latency to flee in 16.67-ms time steps.
Videotapes were decoded by three researchers, including Uma Ramakrishnan, who simultaneously detected sound onset and recorded field-by-field motion changes in each monkey. To measure behavior prior to sound playback, each monkey in camera view was labeled in a silhouette drawing at its initial position at the moment the sound playback started. For each monkey, the time period (in milliseconds) between the playback sound onset and the onset of flight behavior was recorded. This latency measure for each individual that fled was incorporated into the data set for sound treatment comparisons. Flight behavior was defined as a shift in activity to running out of the camera's view. The frequency of responses was scored for three categories of flight behavior: (a) fast reaction time for flight, (b) slow reaction time for flight, and (c) no flight. It is possible that the flight response of 1 individual could trigger flight responses of other individuals nearby. Because we were interested in treating the flight response of each individual as an independent event influenced by only the playback treatment, the first category of fast reaction time for flight included only those individuals that fled under a time frame that encompassed the duration of the first unit of the call (Table 2) added to a 600-ms time interval. The first unit of the call provides the context for call recognition, whereas the latter 600-ms time interval is the minimum time in which laboratory-trained macaques react to sound onset (~250 ms; Lamarre & Jacks, 1978) , initiate goal-directed eye movements (-100 ms; Boch & Fischer, 1986; Ferrera & Lisberger, 1995) , and react to visual cues (~250 ms; Rogal, Reible, & Fischer, 1985) . Added together, this time interval would likely characterize the minimum time that an individual could be influenced by the behavior of other troop members and then initiate flight. The category of slow reaction time for flight included individuals that fled after the duration defined for the fast reaction time category.
We also recorded the number of individuals that scanned during a 1-min interval before and a 1-min interval after playback onset. Scanning was characterized as lifting the head from a feeding orientation, rotating the head from side to side, or both.
Statistical Analyses
Each of the study troops was exposed to each sound category only once, with the exemplar randomly selected, to ensure that the same playback treatments were not repeated on the same individuals. For comparisons between regions, the number of individuals exhibiting each response type within a region were summed to generate behavioral frequencies for multinomial log-linear analyses with maximum-likelihood estimations (Agresti, 1990) . This type of analysis examines the proportion of individuals responding in each behavioral category (the dependent variable) as a function of the playback treatments and regions (the independent variables).
Because individuals were exposed to each treatment a single time, there was no pseudoreplication when comparisons were made between regions. For sound-treatment comparisons within regions, individuals from different troops were compared. This process of grouping was required because the identity of individuals could not always be established from the videorecordings. The median latencies to flee after the onset of the playbacks were analyzed using a Kruskal-Wallis test.
Results
Flight Response to Playback Treatments at the Forest Sites
Bonnet macaques responded to conspecific alarm-call playbacks by fleeing up trees, with few individuals scanning the area before fleeing. This response appeared to be similar across all regions, and the frequency of bonnet macaques that fled in response to conspecific alarm-call playbacks did not differ in the three regions, which included the urban site-interaction of regions and flight response: likelihood ratio x 2 (2, N = 49) = 1.05, ns. Responses to heterospecific alarm vocalizations were similar to those exhibited to conspecific alarm vocalizations. Most individuals in camera view responded to alarm-call playbacks by fleeing. The median reaction times to flee after playback onset are shown in Figure 3 . These latencies did not differ significantly from the latency to flee in response to conspecific alarm calls: 
Scanning Response to Playback Treatments
The following set of log-linear analyses are interactions of the sounds and the proportion of individuals in the two scanning response categories. Frequency of scanning in response to heterospecific alarm vocalizations at locations where these species were frequently encountered did not differ appreciably from frequency of scanning in response to conspecific alarm vocalizations (planned comparison of bonnet macaque alarm calls and Nilgiri langur alarm calls at Mundanthurai, N = 45, ns; planned comparison of bonnet macaque alarm calls and Hanuman langur alarm calls at Mudumalai, N = 36, ns). These conspecific and heterospecific alarm calls did not induce scanning in most individuals that fled immediately rather than scanning before fleeing. However, the frequency of scanning to alarm vocalizations of infrequently encountered species differed markedly from the nonalarm territorial-call playbacks and the motorcycle engine playbacks. Bonnet macaques were significantly more likely to scan the area in response to infrequently heard alarm vocalizations than to infrequently heard territorial calls ( Figure 5 )-planned comparison of Nilgiri langur alarm and territorial calls in Mudumalai, likelihood ratio X 2 (l, N = 44) = 4.62, p < .05; planned comparison of Hanuman langur alarm and territorial calls in Mundanthurai, likelihood ratio x 2 (l, N = 45) = 4.67, p < .05. In bonnet macaques, the frequency of scanning after hearing infrequently heard alarm calls was also significantly greater than that occurring after hearing the motorcycle engine sounds- 
Age Differences in Response to Playback Treatments
The following set of log-linear analyses are the interactions of two age classes and the proportion of individuals in the three categories of flight behavior or the two scanning response categories. In response to frequently heard alarm calls, there were no appreciable differences (ns) between adults and juveniles in flight latency or the frequency of 
Responses to Playback Treatments at the Urban Site
At the urban site, responses to conspecific alarm vocalizations did not differ from those recorded at the two forest sites. As at the two forest sites, all monkeys in camera view responded by fleeing. However, except for an initial startle response, all other playback treatments, including the alarm vocalizations of other species, were ignored by most individuals. The frequency of flight to the unfamiliar alarm and territorial vocalizations did not differ appreciably from that engendered by familiar motorcycle sounds (Figure 7 )-planned comparisons of the motorcycle engine sounds with the following vocalizations, with nonsignificant likelihood ratios: Nilgiri langur alarm calls, x 2 (2, N -31) = 0.79; Hanuman langur alarm calls, x 2 (2, N = 19) = 1.00; Nilgiri langur territorial calls, x 2^, N -19) = 0.00; Hanuman langur territorial calls, x 2^, N = 23) = 0.00; and sambar deer alarm calls, x z (2,^V= 17) = 0.00. The monkeys'frequency of scanning to these unfamiliar vocalizations also did not differ significantly from that exhibited in response to the more frequently heard motorcycle sounds (N = 35). The small percentage of monkeys that fled or scanned after hearing these sound treatments was almost exclusively juveniles. The total number of bonnet macaques recorded for statistical comparisons of sound treatments were as follows: 18 juveniles and 58 adults for Nilgiri langur territorial vocalizations, 24 juveniles and 50 adults for Hanuman langur territorial vocalizations, and 24 juveniles and 24 adults for motorcycle engine sounds.
Discussion
Despite evidence from the scat analysis that bonnet macaques were rarely killed by leopards at the forest study sites (Figure 1) macaques were very responsive to real leopards and to our leopard model-evoked conspecific and heterospecific alarm vocalizations. We addressed two questions regarding the role of experience in shaping heterospecific alarm-call recognition by using playback vocalizations of three sympatric leopard prey: Nilgiri langurs, Hanuman langurs, and sambar deer. Bonnet macaques were exposed to playback sound treatments while they were feeding, thus ensuring a congruent feeding-oriented motivational state at the treatment onset. Our results suggest that heterospecific alarmcall recognition in bonnet macaques is a learned discriminative behavior that improves with age and experience. Repeated exposure to these heterospecific alarm vocalizations appears to facilitate flight behavior.
Recognition of Heterospecific Alarm Vocalizations
At Mundanthurai, bonnet macaque troops frequently encountered Nilgiri langurs and rarely encountered Hanuman langurs; Hanuman langurs were absent in the home ranges of the bonnet macaque troops selected for study. However, bonnet macaques from our study troops can migrate through areas where Hanuman langurs are found, but this would occur only if they were immigrating to or emigrating from their current home ranges. Thus, it is likely that individual bonnet macaques at Mundanthurai have heard Hanuman langur vocalizations, albeit infrequently. The situation in Mudumalai was comparable, but reversed where Nilgiri langurs were absent in the home ranges of troops selected for study; however, migration is possible between areas where these species are found.
Our results indicate that bonnet macaques treated heterospecific alarm vocalizations as equivalently provocative as conspecific alarm vocalizations if these vocalizations were heard routinely. The tendency to flee was reduced markedly if exposure to the calling species was infrequent. Thus, experience appeared to be the process underlying heterospecific alarm-call recognition in bonnet macaques. Observations of ring-tailed lemurs (Lemur cattd) have revealed similar learning effects; experienced lemurs responded to sifaka (Propithecus verreauxi) alarm calls, whereas inexperienced lemurs failed to recognize these calls (Oda & Masataka, 1996) . Furthermore, yellow-bellied marmots (Marmota flaviventris) and golden-mantled ground squirrels responded similarly to both conspecific and heterospecific alarm calls and could differentiate alarm from nonalarm calls of these species (Shriner, 1998) . The alarm calls of sambar deer that were found at both forest sites were treated by bonnet macaques with the equivalent urgency given to conspecific alarm calls. Our findings complement previous observations noting that chital deer and Hanuman langurs react to each other's alarm vocalizations (Newton, 1989) .
Similarity of Alarm Vocalization Structure
Marler (1973) argued that species living together and endangered by the same predators may benefit mutually by minimizing the rate of divergence among vocalizations that signal alarm. There are some data to support this hypothesis from studies of alarm vocalizations of sympatric passerines (Marler, 1957) , amphibians (Noble, 1931) , and primates (e.g., sympatric Cercopithecus mitis and C. ascanius [Marler, 1973 ] and sympatric C. nictitans and C. cephus [Gautier & Gautier-Hion, 1988] ). Such sympatric species exhibit similar vocalizations that might afford mutual predator avoidance. However, similarities of calls between related species might reflect little evolutionary divergence of call structure. For example, in our study, Nilgiri langur and Hanuman langur alarm vocalizations shared similar sound components (Figure 2 ; also see Hohmann, 1989a) . Bonnet macaque alarm calls and sambar deer alarm calls appeared to be dissimilar. Yet, congruent with our observations, these sympatric species have been reported to recognize each other's alarm vocalizations (Ali, 1981; Hohmann, 1989a Hohmann, , 1989b . Thus, acoustic similarity does not appear to be a requirement for alarm-call recognition among some sympatric prey. These results are also supported by observations of vervet monkeys, which recognize starling (Spreo superbus) alarm calls that are distinctively different from vervet alarm calls (Hauser, 1988; Seyfarth & Cheney, 1990) . To further support that similarity of acoustic structure is not a requirement for alarm-call recognition, Shriner (1995) found that golden-mantled ground squirrels (Spermophilus lateralis) exhibited antipredator responses to neutral tones if these tones were paired with a hawk model over repeated trials.
The Role of Age and Experience
Our results did not reveal marked differences between adults and juveniles in response to frequently heard alarm vocalizations. Learning of such frequently heard alarm vocalizations appears to occur earlier than the juvenile developmental stage. However, because of the proximity of infants to their mothers in the earliest period of their lives, it is not easy to use an experimental approach on free-living troops to investigate when alarm-call recognition is acquired. Infant bonnet macaques spend the first few months of their lives in almost constant physical contact with their mothers, initially clinging ventrally to their mothers. Our observations of mother-infant interactions indicate that when infants first began to move independently, they seldom moved further than the mothers' arm length, a distance that was initially maintained by the mothers and later in development by the infants. In a field setting, this physical association of the mothers and infants precludes pinpointing the initial stages of learning.
This close behavioral coupling between mothers and infants provides a natural Pavlovian conditioning protocol for learning heterospecific alarm vocalizations. When a provocative situation unfolds by the sound of an alarm call or the sight of a predator, mothers run for safety with clinging infants or rapidly retrieve nonclinging infants, placing them for ventral grasping as they initiate flight. This provocative context, involving a primitive grasping reflex elicited by both loud noise and vestibular stimulation caused by rapid acceleration (e.g.. Bench, Collyer, & Toms, 1972) , affords the opportunity for an immediate association between the auditory stimulus and the surprising, arousing circumstances associated with flight. In our observations, mothers fled to alarm calls several times a day. Such periodic exposure of the infants to these stressful events would indubitably promote associative learning through the release of memory-enhancing hormones by the endocrine system (see Nelson, 1995) . Although more speculative, it is possible that flight responses in juveniles are maintained by social referencing (e.g., Klinnert, Campos, Sorce, Emde, & Svejda, 1983; Seyfarth & Cheney, 1980) when juveniles observe the flight of their mothers and other troop members.
Our results did show that juveniles were more likely than adults to respond to nonalarm vocalizations, which suggests that juveniles were less discriminating. Juveniles appeared more excitable than adults, an inference made from the frequency at which they fled from both relevant and irrelevant playback sounds, a property also shown by juvenile vervet monkeys (Seyfarth & Cheney, 1990) . In fact, at the urban site, it was predominantly juveniles that fled after hearing the unfamiliar playback sounds. This excitability, however, was restricted to the effects of sound playbacks because juveniles did not differ from adults in their scanning behavior prior to experimental treatments. Thus, although juveniles responded appropriately to alarm calls, they often responded to unfamiliar sounds in the same way. Altogether, these results further support the hypothesis that there is a strong learning component involved in recognizing sounds that predict danger.
